ABSTRACT The purpose of this study was to determine whether the protective effect of fish oil against colon carcinogenesis is due to decreased proliferation, increased differentiation and/or increased apoptosis. Male Sprague Dawley rats (n Å 260) were fed one of two oils (corn or fish) and two fibers (pectin or cellulose), plus or minus the carcinogen azoxymethane (AOM). Rats were killed at wk 18 (n Å 80) or 36 (n Å 180) for cytokinetic measurements. In vivo cell proliferation was measured by incorporation of bromodeoxyuridine into DNA, differentiation by binding of Dolichos biflorus agglutinin and apoptosis by immunoperoxidase detection of digoxigenin labeled genomic DNA. Fish oil resulted in a lower adenocarcinoma incidence (56.1 vs. 70.3%) compared with corn oil. There was no effect of fat or fiber on number of proliferative cells/crypt column in either the proximal or distal colon. In contrast, fish oil resulted in a greater degree of differentiation compared with corn oil in both colonic sites. In addition, fish oil resulted in a higher number of apoptotic cells/crypt column in both the proximal and distal colon as compared with corn oil. AOM treatment increased the ratio of proliferative cells/crypt column to apoptotic cells/crypt column in both the proximal and distal colon compared with saline controls. Fish oil, however, resulted in a lower ratio in both sites in the colon as compared with corn oil. These results suggest that an increase in apoptosis and differentiation, rather than a decrease in proliferation, accounts for the protective effect of fish oil against experimentally induced colon tumorigenesis.
Both epidemiological and experimental studies support a stages of colon carcinogenesis and have explored the initiation stage effects in some detail. After cells have been initiated, protective role for (n-3) polyunsaturated fatty acids [i.e., cosamultiple mutations still are required for tumor development. pentaenoic acid, 20:5(n-3) and docosahexaenoic acid, 22:6(nIn a recent study with two fats (fish oil and corn oil) and 3)] against colon cancer. Alaskan and Greenland Eskimos have two fibers (pectin and cellulose) and the experimental colon lower rates of colon cancer and a higher consumption of carcinogen, azoxymethane , we reported 20:5(n-3) and 22:6(n-3) fatty acids than other North Amerithat dietary fish oil blunts ras mutations and influences ras cans (Bang et al. 1976 , Blot et al. 1975 . Recent reports (Caymembrane localization at a point approximately half-way gill et al. 1996) from 24 European populations showed an through the tumor-development process. This is important inverse relation between fish and fish oil consumption and because prolonged ras activation could result in a stimulation colorectal cancer risk. Case-control studies of fat consumption of cell proliferation (Maher et al. 1994 ). Another documented also have shown protective effects of fish oil against colorectal effect of prolonged ras activation is a reduced susceptibility to cancer (Willett et al. 1990 ). Fish oil, high in (n-3) fatty acids, apoptosis (Chen and Faller 1995) . Although increased cell has been shown to be protective against experimentally indivision, which drives the accumulation of genetic errors, is duced colon cancer in a large number of studies (Chang et al. necessary for neoplastic transformation (Preston-Martin et al. 1997b , Deschner et al. 1990 , Reddy et al. 1991 . However, 1990) , the number of studies that do not show a relationship the mechanism(s) behind this protective effect is not known.
between changes in cell proliferation and subsequent tumor Fearon and Vogelstein (1990) have elucidated the multistep development are increasing (Klurfeld et al. 1987 , Paganelli et nature of colon cancer development, and there are a number al. 1991). In addition, it should be noted that the relationship of stages at which fish oil theoretically could act to interfere between diet and cell proliferation depends on the mode of with tumor development. Reddy et al. (1991) have shown an the nutritional agent. In contrast, inhibition of apoptosis is effect of dietary fish oil at both the initiation and promotion known to be an integral component of the genesis of colorectal adenomas and carcinomas (Bedi et al. 1995) . Tomlinson and Bodmer (1995) also used mathematical models to prove that scribed (Chang et al. 1997b) . AOM (Sigma Chemical, St. Louis, In a previous study (Chang et al. 1997b) fats (fish oil, corn oil and beef tallow) and two fibers (pectin adenocarcinomas as previously described (Chang et al. 1997b) . A and cellulose) (Lee et al. 1993a), we reported that the effect randomly selected subset of these 180 rats (10 rats/group) was used of fat on cell proliferation was highly dependent on the source for the cell kinetics measurements at the final time point. Tissues for in vivo measurements of cell kinetics. Exactly 1 h of fiber in the diet. We therefore hypothesized that fish oil before being killed, each rat was injected intraperitoneally with bromight be protective against experimentally induced colon carmodeoxyuridine (BrdU) (5 mg/kg body wt) in phosphate-buffered cinogenesis by enhancing apoptosis (compared with corn oil saline (PBS), pH 7.4, to measure in vivo cell proliferation (Chang diets) depending on the dietary fiber source. Because mainteet al. 1997b) . The length of the large bowel was recorded immediately, nance of the colonic epithelium and tumor growth are depenand the intestine was opened longitudinally. The rectum was resected, dent upon a delicate balance between cell proliferation, differand the remainder of the colon was divided equally lengthwise for entiation and apoptosis, we determined these variables of cell proximal and distal segments, which were flushed clean with ice-cold kinetics at two different time points (wk 18 and 36), and data PBS (pH 7.4). A 1-cm length of colon was taken from the cecalfrom the two time points were combined for statistical analyses.
proximal colon junction for proximal colon, and the most distal end of the distal colon was taken for distal colon samples. Each 1-cm length of colon was further divided in half longitudinally. One half
MATERIALS AND METHODS
was fixed in 70% ethanol, and the other half was fixed in a 4% paraformaldehyde solution for 4 h before processing for histology. Animals and study design. The animal use protocol was approved
In vivo measurements of cell proliferation, differentiation and by the University Animal Care Committee of Texas A&M University apoptosis. The ethanol fixed tissues were used for in vivo measureand conformed to National Institutes of Health guidelines. Male ments of cell proliferation. Incorporation of BrdU into DNA was weanling (21-d-old) Sprague-Dawley rats (260; Harlan Sprague-Dawlocalized using a monoclonal anti-BrdU antibody, and detection of ley, Houston, TX) were housed individually in cages and maintained bound antibody was achieved using peroxidase-conjugated antibody in a temperature-and humidity-controlled animal facility with a daily to mouse immunoglobulin. Slides were scored as previously described photoperiod of 12-h light and dark. This study was a 2 1 2 1 2 (Chang et al. 1997b) . Cell differentiation was measured by lectin 1 2 factorial design with two types of fat (corn oil or fish oil), two histochemistry with a procedure originally developed by Boland (Botypes of fiber (cellulose or pectin), two injected subgroups (with or land et al. 1982) . Biotinylated Dolichos biflorus agglutinin (DBA) without carcinogen) and two time points (18 and 36 wk). There were was used to detect the specific carbohydrate a-N-acetylgalactosamine 10 rats in each group at the first time point (2 fats 1 2 fibers 1 residues, which are thought to increase with normal differentiation carcinogen or saline Å 80 rats). At the final time point (wk 36, n Å of colonic epithelial cells. Each crypt was equally divided by thirds 180) there were 10 rats in the saline-injected groups and 33 in each (bottom third, middle third and top third of the crypt). Scoring of of the carcinogen-injected groups, except there were 8 extra rats (n DBA positive cells for each third of the crypt was performed using a Å 41 rats) in the corn oil/cellulose/azoxymethane (AOM) 4 group. technique developed in our laboratory (Chang et al. 1997b ). The The extra rats in this group were to be used for another set of analyses, measurement of in situ apoptosis was based on the deoxynucleotidyl but they were included for determination of tumor development so transferase (TdT)-mediated dUTP-biotin nick end labeling of fragas not to potentially bias this observation. Animals were stratified by mented DNA (Gavrieli et al. 1992 ). This method relies on the spebody weight so that mean initial body weights of the groups did not cific binding of TdT to exposed 3-OH ends of DNA followed by differ. Body weights were recorded weekly throughout the study.
the synthesis of a labeled polydeoxynucleotide molecule. The apoDiets. After a 1-wk acclimation period of consuming standard ptotic cells were scored based on a combination of positive staining rat nonpurified diet, animals were assigned by weight to one of four and morphological criteria as described by Kerr et al. (1995) . diets, which have been described in detail previously (Chang et al. Statistical analyses. Data were analyzed using four-way analysis 1997b). The diets differed only in the type of fat (corn oil or fish of variance (ANOVA) to determine the effect of dietary fat, fiber, oil) and in the type of dietary fiber (cellulose or pectin). The fats carcinogen, time and any potential interactions. When P-values for were chosen because of their different fatty acid compositions. The the interactions were õ0.05, means of interactions were separated major differences between the fatty acid compositions of the two lipid using Duncan's multiple range test (SAS Institute Inc. 1985) . When sources are significantly higher amounts of 14:0, 16:1(n-7), 20:5(n-3)
P-values were õ0.05 for the effects of fat, fiber, carcinogen or time and 22:6(n-3) in the fish oil diets and higher amounts of 18:1(n-9) but not for the interactions, the main effect means were separated and 18:2(n-6) in the corn oil diets. The amount of antioxidents in by Duncan's multiple range test. Tumor incidence data were analyzed fish oil was adjusted to equal that in corn oil. The fibers were chosen by x 2 analysis and reported as percentage of rats bearing tumors (SAS because of their different degrees of fermentability, with pectin being Institute Inc. 1985). highly fermentable in the colon and cellulose poorly fermented. Dietary fat was provided at the 15% level by weight (30% of energy)
RESULTS
to simulate the current recommendations for humans (U.S. Public Health Service 1991). Dietary fiber was provided at the 6% level by Food intake and weight gain. These data have been deweight, corresponding to the recommended level of 30 g fiber/day for scribed in detail in a previous report (Chang et al. 1997b ).
humans (U.S. Public Health Service 1991). Food and water were
There were no differences in food intake among groups at freely available at all times. Forty-eight hour food intakes and fecal either time point. However, there was a significant difference outputs were measured 1 wk after the second injection of either in weight gain between the two fat treatments, beginning at carcinogen or saline and again 1 wk before each killing time point. wk 6, with fish oil-fed animals weighing more than their corn Carcinogen treatment and tumor typing. Rats were injected with saline (controls) or azoxymethane at wk 2 and 3 as previously deoil-fed counterparts. Because of the potential for differences in weight gain (between fish oil and corn oil animals) to affect outcome variables, data were reanalyzed using weight as 4 Abbreviations used: AOM, azoxymethane; BrdU, bromodeoxyuridine; COXa covariate. There was no effect (P ú 0.05) of weight on any 2, cyclooxygenase-2; DAG, diacylglycerol; DBA, Dolichos biflorus agglutinin; PBS, of the outcome measurements.
phosphate-buffered saline; PG, prostaglandin; PGE2, prostaglandin E2; PKC, proColon adenocarcinoma incidence. At the final time point tein kinase C; SCFA, short chain fatty acids; TdT, terminal deoxynucleotidyl transferase.
(wk 36), there was no evidence of adenoma or carcinoma / 4w33$$4049 01-28-98 00:33:03 nutra LP: J Nut March Chang et al. (1997b) , is a combination of staining intensity (rated from 0 to 3) and the proportion of the cells that are stained.
found in any rat injected with saline as previously reported per crypt column in the proximal colon was 48.3% higher with the pectin diet compared with the cellulose diet (P (Chang et al. 1997b) . For those injected with AOM (140 rats), only three rats had adenomas without an adenocarci-Å 0.0002). For cell differentiation, rats provided with the pectin diets had a more differentiated phenotype in the bottom noma. There was no difference (P ú 0.05) in the number of tumors per tumor-bearing rat across the carcinogen treatments, third of the crypt in the distal colon compared with the cellulose treatment (P Å 0.0407); with respect to the effect of fiber and no main effect of fiber (P ú 0.05) was found on tumor incidence. However, there was a significant main effect of fat on cell proliferation, pectin resulted in a reduced (P Å 0.0011) number of cells per crypt column in the distal colon compared (P õ 0.05) with fish oil resulting in a lower tumor incidence (56.1%) than corn oil (70.3%). When all four treatment valwith cellulose (Table 2) . Effects of dietary fat and fiber interactions on apoptosis, ues were compared, rats fed corn oil/cellulose (75.6%) had a higher tumor incidence than rats fed the combination of fish differentiation and proliferation. There was a significant interaction between dietary fat and fiber on apoptosis but not oil/pectin (51.5%) (P õ 0.05).
Effects of dietary fat and fiber on apoptosis, differentiation on differentiation or proliferation. As shown in Figure 1 , rats fed the fish oil/pectin diet had the highest number of apoptotic and proliferation. In addition to the fish oil diet being more protective against colon tumorigenesis than the corn oil diet, cells per crypt column both in the proximal (P Å 0.0173) and distal colon (P Å 0.0135) compared with animals fed corn oil/ it also resulted in 55% more apoptotic cells per crypt column in the proximal colon (P Å 0.0001) and 33% more apoptotic cellulose, corn oil/pectin, or fish oil/cellulose diets. Interestingly, the fish oil/pectin group also had the lowest number of cells per crypt column in the distal colon (P Å 0.0054) compared with the corn oil treatment ( Table 1) . At the same tumors. Effects of carcinogen on apoptosis, differentiation and protime, fish oil promoted differentiation, as shown by a significantly higher lectin-binding stain intensity in all three comliferation. The effects of carcinogen on apoptosis, differentiation and proliferation were the opposite of the effects of fish partments of the crypt in both the proximal and distal colon compared with the corn oil treatment (P°0.0015). There oil. That is, rats injected with AOM had a lower number of apoptotic cells per crypt column (26% lower in the proximal was a minimal effect of dietary fat on cell proliferation. Fish oil resulted in a lower number of cells/crypt column in the colon and 23.2% in the distal colon) as compared with saline controls (Table 3) . AOM treatment also resulted in lower distal colon compared with corn oil (P Å 0.0555).
Dietary fiber source had a greater effect on apoptosis proxiindices of differentiation, as assessed by a lower lectin staining score in the bottom, middle, and top thirds of the crypts in mally, than distally ( Table 2 ). The number of apoptotic cells Effects of age, carcinogen, fat and fiber on the ratio of proliferation to apoptosis. The ratio of proliferation to apoptosis (number of proliferative cells per crypt column/number apoptotic cells per crypt column) is shown in Figure 2 . Rats injected with AOM had a higher ratio of proliferation to apoptosis (58 and 51% higher) in both the proximal (P Å 0.0030) and distal (P Å 0.0129) colon than the saline control rats (Fig. 2A) . The ratio of proliferation to apoptosis increased by 31% in the proximal colon (P Å 0.0541) and 34% in the distal colon (P Å 0.0754) in rats at wk 36 as compared with rats at wk 18 (Fig. 2B) . In the proximal colon, the ratio of proliferation to apoptosis of the rats consuming the fish oil diet was only 55% (P Å 0.0001) of the ratio of the rats consuming the corn oil diet (Fig. 2C) . In the distal colon, the fish oil treatment also decreased the ratio of proliferation to apoptosis by 23.5% as compared with the corn oil treatment, even though the difference was not significant (P Å 0.1003). Pectin treatment also decreased (P Å 0.0527) the ratio of proliferation to apoptosis by 24.7% in the proximal colon as compared with the cellulose treatment (Fig. 2D) . The 
effect of fiber on the ratio of cell proliferation to apoptosis in
Values are means { pooled SEM, n Å 40. Bars with different letters are the distal colon was almost numerically identical to its effect significantly different, P õ 0.05. Rats fed fish oil/pectin, F/P, had more in the proximal colon.
apoptotic cells per crypt column than rats fed corn oil/cellulose, C/C, corn oil/pectin, C/P, or fish oil/cellulose, F/C.
DISCUSSION
The type of dietary fat affects tumor outcome in experimenboth the proximal and distal colons as compared with rats injected with saline (P õ 0.0210). The effect of AOM on cell tal diet/colon carcinogenesis studies (Rao and Reddy 1993 , Reddy et al. 1991 . Our data are consistent with published proliferation was less dramatic. There was no effect of AOM on any index of cell proliferation in either the proximal or reports from other laboratories showing a protective effect of fish oil against colon tumorigenesis (Deschner et al. 1990 ). distal colon (Table 3) .
Effects of aging on apoptosis, differentiation and proliferaThis protective effect of fish oil has been shown to occur at both the initiation and promotion stages of colon tumorigenetion. The effect of aging on apoptosis, differentiation and proliferation was similar to the effect of carcinogen and opposite sis (Reddy et al. 1991) and is thought to be related to a decrease in colonic cell proliferation. An increase in cell proliferation to the effect of fish oil. The rate of apoptosis decreased as a function of age in both the proximal and distal colon (Table  generally is considered promotive of tumor development (Preston-Martin et al. 1990 ). 4). The number of apoptotic cells per crypt column declined by 36.3% in the proximal colon (P Å 0.0001) and 29.3% in Fish oil has been shown to decrease colonic epithelial cell proliferation both in mice (Deschner et al. 1990 ) and in huthe distal colon (P Å 0.0008) between wk 18 and 36. The aging process also resulted in a less differentiated phenotype mans on controlled basal diets supplemented with fish oil as compared with corn oil supplements (Bartram et al. 1993) . as evaluated by lectin staining, which was significantly lower at wk 36 compared with wk 18 in the top third of the crypt Bartoli et al. (1993) investigated the effect of fish oil supplements in a 30-d clinical trial. They found that cell proliferation in the proximal colon and in the bottom, middle and top third of the crypt in the distal colon (P õ 0.004). In contrast to was lower in the fish oil group than in the placebo group. Our study showed a marginal effect of fish oil treatment on reducing the lower numbers of apoptotic and differentiated cells over time, aging increased the number of proliferative cells per crypt colonic cell proliferation in that there was a lower number of cells/crypt column in the distal colon compared with corn oil. column in the distal colon (P Å 0.0008). However, tumor growth and the number of cells in the colonic have suggested that reduced apoptotic ability may predispose an individual to an increased risk for cancer. Alternatively, mucosa are determined not only by the production of cells (cell proliferation) but also by the rate of cell loss (apoptosis).
agents that increase apoptosis would have the potential to decrease cancer risk. This was seen in the present study where Inhibition of apoptosis now is thought to be an integral component of the genesis of colorectal adenomas and carcinomas fish oil significantly increased apoptosis in both the proximal and distal colon to a greater degree than it reduced cell prolifer- (Bedi et al. 1995 , Garewal et al. 1996 . Garewal et al. (1996) ation. This highly significant effect of fish oil on apoptosis may expression of ras p21 affects changes in proliferation/apoptosis has not been clearly delineated, although this is an area of be even more important, biologically, than its effect on cell proliferation. active research. What is known is that ras activation by point mutation or overexpression is associated with elevated levels There are no reports in the literature on the effect of fish oil on both cell proliferation and apoptosis with which to of cellular diacylglycerol (DAG) (Laurenz et al. 1996) and elevations of colonic DAG levels modulate protein kinase C compare the present study, but it appears that the most important biological consequence with respect to tumor growth (PKC). Over time, high levels of DAG appear to down regulate PKC (Jiang et al. 1996) . There is recent evidence that would be documentation of the relationship between proliferation and apoptosis rather than independent measurements of down regulation of PKC arrests the induction of apoptosis (Rusnak and Lazo 1996) . We have shown, again using the either of these cell kinetic changes. We have attempted to characterize this relationship by calculating a ratio of proliferasame animals described in the current study, that dietary fish oil relative to corn oil blocks an increase in DAG mass (Jiang tion to apoptosis (proliferative cells per crypt column/apoptotic cells per crypt column). Again, fish oil supplementation et al. 1996) and prevents the chronic down regulation of PKC isozymes . Thus in theory, this may explain decreased this ratio by 23.5% compared with the corn oil treatment. The only other study that we have found that adthe higher levels of apoptosis that we observed with fish oil supplementation vs. corn oil supplemented diets. dresses both cell proliferation and apoptosis in colon cancer (Tsujitani et al. 1996 ) measured apoptosis and cell proliferaFinally, fish oil also may affect the colonic lumenal contents since we have shown recently that it results in different mixed tion in biopsy specimens from 38 cases of cancer with adenoma and 29 cases of cancer de novo and found that the more populations of colonic microflora relative to corn oil feeding (Maciorowski et al. 1997) . Because the microflora are directly malignant phenotype had a higher ratio of proliferation to apoptosis (consistent with our findings). Collectively, the data responsible for the production of short chain fatty acids (SCFA) from fiber fermentation, these fish oil-induced suggest that the ratio of rates of apoptosis and cell proliferation may be key to our understanding of colon tumor development.
changes in the microflora may result in different patterns of SCFA production. We recently have documented such shifts Although it is not known how fish oil decreases cell division and enhances apoptosis, one hypothesis is that (n-3) fatty acids in SCFA patterns as a consequence of fish oil versus corn oil and as a function of dietary fiber (Chang et al. 1997a ). This (high in fish oil) inhibit prostaglandin (PG) production, which in turn decreases colonic cell proliferation and tumor formamay help to explain the synergistic interaction between fat and fiber observed in the present study. We are currently extion (Bartram et al. 1993, Rao and Reddy 1993) . We have shown previously that fish oil diets result in lower levels of ploring this possibility.
In conclusion, the present study shows that diets containing arachidonic acid in colonic mucosal phospholipids of rats than does corn oil (Lee et al. 1993b) , presumably thereby supplying fish oil result in fewer rats with tumors than diets containing corn oil, and the balance between apoptosis and cell proliferaless substrate for PG production. In addition, there were significantly lower levels of colonic mucosal prostaglandin E 2 tion appears to be key to tumor development. Fish oil significantly decreases certain markers of cell proliferation, as pre-(PGE 2 ) with fish oil supplemented diets compared with corn oil or beef tallow (Lee et al. 1993b) . PGE 2 levels also have viously reported by others, but its greatest effect is on the maintenance of higher levels of apoptosis in the presence of been shown to be lower in colonic biopsies from humans after fish oil consumption compared with individuals consuming carcinogen. The specific mechanisms by which fish oil decreases proliferation and increases apoptosis is not known but corn oil (Bartram et al. 1993) . Other agents that inhibit PG production, e.g., nonsteroidal anti-inflammatory agents, also may involve decreased prostaglandin production and/or decreased ras mutation/over expression and blockage of the carappear to work by this mechanism and recent epidemiological studies show a protective effect of aspirin ingestion on colon cinogen-induced down regulation of PKC. cancer incidence (Schreinemachers and Everson 1994, Thun et al. 1991) . The connection between PG synthesis and ACKNOWLEDGMENTS apoptosis recently was explored by Tsujii and DuBois (1995) , who overexpressed cyclooxygenase-2, (COX-2, the inducible overexpressing COX-2 were resistant to apoptosis induction by butyrate. In a separate study, Shiff et al. (1995) have shown LITERATURE CITED that the PG synthesis inhibitor sulindac sulfide inhibits proliferation, causes cell cycle quiescence and induces apoptosis in HT-29 colon adenocarcinoma cells.
